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The  Application  oi  -'''iiiitil  oliift  Registers 
to  Actia^c  Ccrrolation  Sonar 

Introduction 

The  clevoloix-.ent  of  the  shift^regj.atcr  type  pseudorandom 
noise  generators (PFiNG'o)  for  use  in  broadband  active  correl- 

1.  W.  B.  Allen  and  F,  J.  Smith,  Bssudoi’cndom  Noise  Generator, 

Hi'L  Technical  Ko.  36.  (Coiifidential) 

I'l  i.on  sonar  solved  the  luajcr  pi'obleM  of  obtsinlrig  •&h«  long 
dela;’’  times  necessai’y  to  bring  the  reforcnco  signal  into  cor- 
relation vdth  the  vrator  borne  signal.  Th:i.s  v/as  achieved  by- 
using  tv/o  identical  PPUG’s  vfhich  put  out  identical  trains  c.f 
pseudoraridom  pulses  so  that  the  delay  time  needed  vras  obtained 
by  starting  the  second  FTth’G  at  a later  t5jiie  than  the  first  one. 
Cori'ections  to  the  delay  time  i-.ere  ob'taincd  by  sveopi^Tg  the 
delayed  reference  signal  by  means  of  a in;solv&r.  However,  since 
rapid  jvreep  by  tfiis  method  did  not  permit  sufficient  integration 
time,  the  problen  of  searching  or  scanning  througih  large  changes 
in  range  in  a relatively  shoi-t  ti:.ie  r.uic.lned  i.T.soivcd. 

Onr-.  of  the  obvious  solutions  to  tliia  problem  is  the  ufs  of 
a tapped  delay  line  and  a corrnlatoi*  vci-  each  tap;  the  number 
of  co’^rslators  and  the  delay  betv.’cc:/  then  being  chosen  to  give 
the  desired  ra;ii»e  incrsmc/.to  and  total  r.mge  to  be  searched. 

A second  raethoc’  is  a loatc'  j''  'i  ltor  or  cede  si’nchronir.cr'* 

2.  "illlo  Jacksen,  CoiaflmrJ.C'U -on  Ite<  r;',  rtcadandc  Press,  New 
York,  {1953;,  p ?:73. 

ai.-^blc  of  unajahj,'yjpuly  ro‘  ■ ..nlzin.v  3i.-»c1h1  sequence  of 
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biliary  dlcita  and  efiectively  pin-winting  their  origin  in 
time.  ^ 

Digital  Shift  Re-^ister  Delay  Lines 

Vv'hile  using  the  digital  shift  register  PRHG’s  in  broadband 
correlation  sonar,  it  soon  became  apparent  that  the  shift  regist 
is  a delay  device  and  can  be  lujed  directly  as  a tapped  delay 
line  for  the  PRKG  sj.gnals.  With  proper  sampling  it  may  also  be 
possible  to  extend  their  use  as  tapped  delay  lines  for  any  type 
of  signal.  In  the  case  of  HING  signals,  houever,  a shift 
register  of  suitable  length  is  operated  vri.th  the  first  n stages 
coupled  as  a Pid^G  and  the  remaining  stages  transferring  the 
sequence  along  the  line  and  making  it  ava3J.able  at  a later  time 
at  each  successii'e  starve.  The  time  delay  for  each  stage  in  a 
digital  shift  register  vdll  depend  on  the  shift  pulse  frequency. 
A frequenc;,r  of  1 kc  will  give  a 1 millisecond  delay  per  stage, 
wliile  a 100  cps  frequency  vrllJL  give  3.0  milliseconds  delay  per 
stage. 

For  veiy  broadband  sigr-als  the  PPJiG's  are  usually  operated 
at  a shift  prilse  freo.uency  o.f  4 times  the  center  frequency  of 
the  desii'cd  si.gnal  band,  since  the  PIJJG  output  has  a uniform 
spectnra  only  to  appro:djcately  one  half  the  driving  frequency, 
as  erm  be  seen  in  Figure  1.  Under  these  operating  conditions 
each  stage  of  the  shift  register  will  give  a delay  of  one- 
qtiar’cor  \tsva  length  of  the  centor  frequency  of  the  signal  band. 

A more  economical  way  of  operating  a PffilG  and  associated  delay 
stages  in  terms  cf  total  aval.lable  delay  time  is  to  drive  them 
at  a freouency  wliich  is  lovrer  than  the  center  frequency  of  the 
dssired  broadband  signal.  The  desired  signal  band  can  be  ob- 
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ti.insd  J'roa  ir?s  of!  oh3  upp-sr  maxin-a  In  tii::  ^iil'JG  specbrum,  see 
fj.guro  Ij  oi-  the  fi'ceuGncles  belov;  the  dri’An^  frequency  cen 
be  hetei-odjTrsaci  to  the  desired  frequency  range,  iiach  slAft 
period,  i.e.,  Uieit  of  delay,  is  then  greater  than  the  period 
of  the  center  fi'tquenoy  of  the  signal  bajid.  For  exa:riple,  if 
an  850"950  cps  signal  bandvddth  viere  to  be  utili^.ed  and  the 
FRh'G  vjoro  driven  at  fOC'  cps,  each  stage  of  the  shift  register 
vfould  give  a 5 foillisecond  de.lay  or  4-3  '.javelorigths  at  the 
centei'  frequency  of  the  signa],.  Dy  usin^g  the  above  raethod 
relatively  long  dela.ys  can  be  obtained  v,lth  reasonably  short 
shift  I'cgisters,  although  s.t  the  expense  of  a nari’owing  of  the 
available  signal  band’Adth,  since  the  region  of  tho  invlfor:;! 
spectruni  in  ohe  Fi.I.'G  output  is  reduced  proportionately  as  lov;er 
frecuoncy  driving  signals  are  utilised, 

Multioj.'o  Gorrej.ator 

The  :au,Ltlpl3  cor^-elr.tcr  onsistr  of  a delay  line  vAth  uni~ 
f orally  spaced  taps  and  individual  coi'relators  such  that  one 
cen  increaco  the  search  rate  by  sirrolt.aneously  conelating  the 
input  signal  vrith  th.e  local  signal  for  several  different  time 
delays,  see  Fj.guro  2.  The  FRI'IC?  reference  signaJ.  3 is  fod 
into  the  multi-tapped  delay  iir.e  which  is  the  digital  shift 
register  driven  at  a frequency  such  that  the  desired  delay  per 

stage  is  obtained.  The  o’'.tputs  S-j^,  S^,  from  tho  r>uc“ 

cessivs  taps  ere  delayed  ropllcos  of  the  reference  signal, 
oach  dol'yed  replica  is  fed  into  an  IndiiAdual  correlator  ;vhich 
ccntir;voua:?.y  imoltiplies  the  delayed  signai  with  the  received 
signal  ii  and  time  averages  the  instiintaneous  product  to  give 
one  point  on  the  coriolction  "unction.  From  Figure  2b  it  can 
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be  seen  that  witli  exact  time  ocincidenoe,  i.e.,  perfect  correl- 
ation as  ropreserted  by  E and  S^,  the  resiiltant  product  will 
always  be  positive  vdiich  yields  the  maxinnmi  peak  on  the  cor- 
relation function. 

The  spacing  of  the  points  on  the  correlation  function  ob- 
tained from  the  multiple-correlator  depends  on  tlie  delay  per 
stage.  If  the  delay  per  stage  is  eguL valent  to  a large  range 
interval  only  a feiv  points  on  the  correlation  function  vrf.ll 
be  obtained  and  consequently  the  reference  signal  will  have 
to  be  sv/ept  vlth  respect  to  the  received  signal  in  order  to 

obtain  the  complete  correlation  function.  Howevar^  if  the 

T 

delay  per  stage  is  small  enough  (l2,  whore  Tg  is  the  period 

3 

of  the  center  frequency  of  the  ba.nd)  a siifficient  number  of 
points  vrill  be  obtained  such  that  she  corrslation  function 
will  be  ad3quate3.y  described  'bty  the  points, 
iiatcliad  Filter 

The  matched  filter  hero  considered  is  a digital  system 
vdiich  detects  the  group  s^nichronizatior.  of  a sequence  of  psoudo- 
rai'idom  binary''  digits.  The  fi3.ter  lias  one  tap  for  each  binary' 
digit  and  the  final  output  signal  is  the  properly  phased  sum 
of  all  these  outputs.  In  operation  the  signal  which  .•esvits 
is  a cross -correlation  function. 

If  WT  Ccrapare  the  natche"’  filter  with  the  usual  correlation 
system,  v;o  see  that  the  rcfez'erc'e  signal  is  built  int.o  the 
matched  filter  thereby'  waking  it  possible  to  obtain  essentially 
the  same  output  vdthout  aoparately  generating  a reference  sig- 
na.l,  Tl’.e  matched  filter  is  matched  to  tne  signal  sequence, 
e.g as  gerarated  by  an  n stage  PRNG,  by  having  one  tap  corres- 
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pond  to  o’ch  binui’y  Jinit  tn  the  signal;  the  signs  of  the  taps 
are  reversed  for  th-jse  digits  v.'hich  are  "-1”.  Therefore,  v/hen 
the  oorreet  sigr.al  sequence  is  sjr.ch.ronised  in  the  fitter,  the 
negative  digits  arc  chajiged  to  ^jositive  ones  and  every  tap 
registers  a " +1",  see  Tig’ore  3,  vduch  on  siicreLng  gives  W = 
2^-1  as  the  final  filter  output.  As  a signal  advances  through 
the  filter,  the  output  at  any  instant  is  a point  on  the  flnite- 
cross-correlation  function,  because  tlie  signal  is  operated  on 
by  the  filter  giving  an  equiv-alent  cn.’J.tiplj.cation  as  if  by  a 
reference  signal,  and  suriming  the  tajo  gives  an  average  over  N 
siunultaiieous  samples. 

The  output  obtained  by  a graphic.il  solution  of  a filter 
matched  to  the  signal  generated  by  a four  stage  PRIJl  (15  digits) 
is  sho’„-n  in  Figure  4»  This  wou3.d  be  the  output  from  a 15-tap 
delay  c.apable  of  handliiig  "’’I,  0,  -i,  (this  includes  the  usual 
delay  Linos  such  as  electrical  netvrarks,  magnetic  drums,  etc.,) 
aiid  trais  plotted  assumdrq^  a aero  for  any  tap  not  occupied  by  a 
digit  of  the  signD.  sequence. 

Digital  shift  ragisooi's  seem  very  suitable  for  use  as  a 
laatched  filter  because  each  stage  provides  tTO  outputs  ’.diich 
have  a ?.B0”  phase  difference  (i.c.,  opixisite  signs).  However 
these  matched  filters  give  a r.Llghtly  different  result  than 
the  usual  delay  line  since  the  shift  register  has  only  two 
states;  its  output  can  be  ■*'1,  -1;  •*'1,  0;  or  0,  -1  depeniint; 

upon  the  reference  point.  Th?  output  from  this  t^qpc  of  filter 
(with  -1,  tl  st.ctes)  matched  to  the  signal  from  a 4 stage  PI?WG 
’■-as  solved  graphically  and  is  shown  in  Figure  5 assuming  all. 
stages  to  )x}  in  a '•  +1"  state  when  a oi,gnal  is  fed  into  the 
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regist^i’.  The  oiifcpi'.fc  i\vnct'.cn  in  nnt  synjnetrical  as  is  the 
output  from  the  dalaya  v;hich  have  3 jxjssible  states. 

An  li  stage  bi'.nary  system  has  2^  possible  combinations  of 
" + 1"  asid  "-1"  taken  n digits  at  a time.  The  algebraic  sum 
of  the  states  of  one  stage  over  the  2“^  combinations  is  zero 
since  each  stage  has  an  equal  number  of  " + 1"  and  "-I" 

states.  Now  if  one  of  the  combinations  vMch  is  a "-1"  state 
for  this  stage  is  eliminated  the  algebraic  sum  will  no  longer 
be  zero  but  " 1" . In  an  n stage  PRIW  all  possible  combinations 

of  an  n stage  binaiy  system  occur  except  the  all  "-1"  combina- 
tion; therefore,  the  aj.gebraic  sum  of  all  the  states  for  any 
stage  over  the  2^-1  combinations  is  " + 1" . A matched  filter 
operating  on  the  output  of  a PfiKG  has  2^-1  taps  which  simultane- 
ousT-jr  observe  all  the  states  vfhich  occvir  at  a single  stage  of 
the  PRhG  and  since  the  all  "--I”  coitfaination  is  excluded  there 
v;ill  be  one  more  " + 1”  tap  then  "» 1"  taps  (the  "-1"  taps  reverse 
the  sign  of  the  digit  observed).  Therefore,  a matched  filter 
for  a PPllG  signal  vri3.1  have  a constant  ” 1"  output  when  the 

ir'.put  is  continuously  " ’^1”  since  2^““^  taps  sian  ss  ” ■*■!"  and 

taps  sum  as  "-I”;  simlarly  the  output  vn.ll  be  a constant 
"-1"  v;hen  the  input  is  continuously  "-.1”  since  2’^“^  taps  vri.ll 
sura  as  "-1"  and  2’^'^--l  taps  sum  as  ” +1". 

In  graphically  solving  for  the  output  of  matched  filters 
operating  on  ?RI''G  signal.s  it  v.'as  found  that  vmen  one  sequence 
foLlo'-n  another  the  outpvtt.  is  a constant  ”-1"  for  the  digits 
botwoen  tho  tiaoc  of  exact  synchv'onlzation.  The  complete  out- 
put consists  of  positive  pulses  with  an  .amplitude  of  2’^-!  units 
occurring  at  intciu'-als  of  2^-1  digits  with  a constant  "-1"  level 
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for  tj.G  .2^-P.  bol-roGn  tho  piils-ir;. 

In  oper.ition  ths  iIi^LcIled  filb'  r iaultiplies  the  oigna;. 
sequence  digit  by  digit  an  identical  signal  and  the  out- 

put is  the  iiistantansous  sum  of  all  those  products.  The 
sequences  gcr  erated  by  HlK'G's  have  the  pi-^porty  that  this 
digit  by  digit  multiplication  of  tr-o  identical  sequences  ji-elds 
ail  I's"  ejicl  sums  to  2’*-l  ii’  the  tvro  seq  uences  are  e:uctly 
syichroriaod.  If  the  tv:o  sequences  are  displaced  by  one  or 
more  digits  and  one  oeqaencs  folded,  i«e,,  a digit  drcpised 
from  the  last  stage  is  siin’0.tari3O’'.sly  fed  into  the  first  stage, 
aultiplyiuig  digit  b;>'  digit  results  in  a sequence  the  same  as 
the  ordgir.al  sequence  vrLth  ail  digits  changed  to  the  opposite 
si'gn  and  a resuJtant  sum  of  a "-1”.  This  result  holds  timie 
for  stny  relative  displacsaant  of  the  sequences  generated  by 
2,  3 4 stags  PTd’G's  and  also  for  spot  checks  with  the  sig- 

nal from  a 7 stage  PRKG.  No  rigoroiis  liiatliematical  reason  or 
proof  has  boon  derived  for  this  result  but  it  appears  to  be  a 
property  of  the  PIdvC-  sequences  and  it  is  felt  that  it  v/il].  hold 
for  a PRKj  wth  aiiy  number  of  stages. 

A gnussicin  noise  input  to  a nritched  filter  u'ill  produce 
or.  the  average  an  output  propTTtienal  to  'J'nT 
li.tehc.d  Filter  Syctens 

A natchect  filter  o.nploying  a digital  shaft  register  requires 
that  after  transaisricn  and  r-.ception  of  the  signal  the  inform- 
ation must  be  rcscored  to  a sequenco  of  rectajagxil.ar  p'llscs  to 
bo  fed  into  tl\a  iiutched  filter,  Several  teciuiiques  to  acMeve 
this  should  bo  possible.  Difficulties  arising  from  doppler 
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fu;:’.  ri.i'.'.fci  plc-pr.^h  iiito»'fci‘cncc,  howcvar,  seriously  limit  some 
ncbhoHfj.  The  motliods  uldcli  hxvc  been  considered  are  (a)  heter- 
odrminii  the  bcnd'.d.dth  necessat^s’'  to  preserve  a low  frequency 
sequenc  ' generated  by  a ?R?JG  to  a band  that  can  be  transmitted 
and  upon  reception  restored  to  the  original  )jand,  (b)  FM  or 
AM  irndulatin^;  a carrier  v.lth  the  PltflG  outpiut  and  demodulating 
after  rece’jtion  and  (c)  tz*ijismitt?jig  a bro-adbend  signal  gener- 
ated bj’'  a PFIMG;  clipping  the  signal  at  the  receiver  and  detect- 
ing it  xdth  a filter  desi'gned  to  natch  the  signal  after  it  has 
been  iLnited  by  clipping. 

The  most  serious  difficulty  idth  the  first  method  would 
be  tl\e  ma.gnifi cation  of  any  doppler  when  tiie  trarAsrdtted  band 
is  hetero'ij'Tied  bach  to  the  original  sequenc®.  The  second 
fusthed  noeld  suffer  ssricusXy  I?!  the  presence  of  interfering 
multipaths.  The  thii’d  method  therefore,  seems  to  offer  the 
j;x)Et  pi'omise  of  a satisfactory  sj-stem.  The  disadvantage  of 
this  mcthoci  is  the  noed  for  a iraich  greater  nunber  of  binary 
stages  to  adequately  match  the  clipped  signa3.s. 

The  ma^or  problem  in  using  a matched  filter  is  the  doppler 
frequency  shift.  Considering  doppler  as  an  expansion  or  con- 
traction of  the  signal  sequence  by  the  lengthening  or  shortening 
of  the  .Individual  {■■’’J.se  periods,  it  appears  that  doppler  can 
be  hanc’l.ed  by  m'ult.i  pis  combinations  of  outputs  from  a single 
diq.‘-,"l  shift  register  or  del'y  lino,  IJach  increment  of  doppler 
\:ould  rcq’iiirAi  a set  of  pro'jorly  spaced  taps,  vdoich  are  conpressod 
or  expanded  versions  of  fno  spacings  req’iired  for  the  undepplered 
signal. 
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Expnrimqnts 

lOFdched  filtor  ujiii^  a difdtal  shift  register  has  l>een 
biij.lt  and  tested  in  the  laboratoi-y.  Tius  unit  consisted  of  a 
15‘'stage  shift  register  vrith  taps  ai'ranged  to  .eiatch  the  signal 
froiTi  a four  stage  PrlNG.  The  output  of  the  filter  for  a single 
sequence  of  pulses  and  for  a series  of  sequences  is  shown  in 
Figure  6,  These  traces  vrere  obtained  vrith  the  output  of  a 
Piil'IG  being  fad  di.rectly  into  the  filter  and  the  s^nstera  operated 
slowly  enough  sc  the  output  dui’ing  each  shift  i^eriod  could  be 
distinctly  seen.  Gonparing  Figure  6a  with  Figure  5 J-t  can  be 
seen  that  the  ba.3e  line  of  Figure  6a  occurs  at  " '^1",  v/hich  is 
as  predicted  sJnee  the  filter  input  was  continuously  " tl'' 
preceding  and  after  the  signal  sequence.  In  Figure  6bj  where 
a series  of  S sequences  vras  passed  throuc;h  the  filter^  the 
level  preceding  the  series  .is  " +1”  and  the  base  line  during 
t.he  series  is  as  predicted  from  the  graphical  solution. 

The  slight  irrvegULlarities  in  the  "-1"  base  line  are  duo  to 
dif-ferences  in  the  .loa.d  resistors  resulting  in  slightly  dif- 
ferent tap  voltages  which  fail  to  sum  to  preci3e].y  "-1". 

A finther  experiment  vrith  the  15''3tage  matched  filter 
consisted  of  a modulation  syataa  operating  in  air,  Tliis  is 
shov.’n  in  W.ock  diagram  beloir: 


, 
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Uw’lni'  Jiijij.. 

Tiiis  system  utiiisoi  a >‘.250  cys  carrier  ard  the  !nod’.iJ.ation  con- 
sisted o'"  shirti^'''  iVom  '^OGO  to  4?00  cps  as  the  PRKG  outpijt 
varied  fron  " +1''  to  ■'••1".  The  oscillator  outpi.t  M3.S  bandpass 
filtered  to  3A00-Zi.£s00  cps^  This  sigra?.  v;as  then  tronsraitted, 
hfter  reception,  auiplific-tion  and  diccrijdnation  the  signal 
v.'so  lov/pass  filtered  vith  a l'^5  cps  cutoff.  T’r;e  resulting 
signal  \:as  linited  ;nd  fed  into  the  matched  filter,  Figu::a  7a, 
b,  C;  d,  and  e shou  typical  reo-utiiig  records  for  various 
spealcGr-rjici’ophone  spacings  •v.'hJ.cii  varied  the  multipath  inter- 
ference and  tho  3ig>.ial-'to-noise  into  tho  receiver.  In  tlr’.s 
application  th.o  PRilG  v;a3  operating  et  125  cps  so  that  the 
record.or  cci’ld  noc.  precisely  foilov.'  tlio  outpid  wa\’'eform. 

Figuj'-e  7a  ves  obtained  ’.dth  a very  short  tionsmission  path 
of  the  order  of  k feet  and  sho*.:s  no  sigrdficsnt  multipath  ijater- 
ferance  or  noise.  Figure  7b  sho’us  a trace  idth  nhat  appesrs  to 
bo  a corsistont  rriltipath  interference.  Figure  7c  end  7d  are 
traces  obtained  vrith  tr&nsrr.ssion  path  lengths  of  tho  ord.er  of 
15  feet  aiid  ha'/e  cons?.derable  muj.tijjo.th  cjsd  noise  intsrfe.'^nce. 
Figu.rci  7e  is  a reoord  of  tho  ssne  oorJitson  irith  slov;  pap-er 
feed  shcvs'irig  tho  .'■ariebility  of  the  output  as  the  signal  iras 
distorted  by  noise  ar.d  changing  conditinna  in  aoouutic  path 
(people  ’aal!d.ng  aei-oss  the  path,  etc.).  During  these  tests 
no  mersurement  vrao  mads  of  tho  S/iI  or  the  c:<teiit  of  the  multi- 
path  interference,  the  traces  are  shovai  only  to  shov;  typiial 
resuJ.ts  to  be  e;:peoted. 

F^eclusions 

■S.  I 

A di£',ita.l  slii.ft  register  shou3.d  operate  satisfactorily  as 
a mstched  filtor  in  the  detection  of  pseudorandom  signals  for 
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a corrslstion  sonar^  It  ap-'-cara  tJiat  a Tilter  uesignod  to  || 

inatch  a kuo'.m  cl.gi',al  after  clippirg  should  be  the  oost  satis-  ! 

ji 

factory  sj-sten^  Doppler  can  be  handled  by  properly  spaced^ets 
of  taps  from  a 3in^;le  fi3.ter.  one  set  for  each  increment  of 
doppler„ 
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Fi^  4 Output  Frota  f4a.tckedl  Filter  With  Possible  States 

OpGrihln^  on  ^SigTidil  From  4 PRNG 


Fi<j  6a  Single  sequence  filler  preloaded  vwilK 


Fig  6V3  a series  8 sequences 


Fvg.  6 Filler  Oulpul 
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